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摘  要：为探索木质生物质气固非均相催化热解制备呋喃类化合物新途径，该文以玉米芯为原料，采用 MCM-41、活性
炭（AC）、Al2O3、HZSM-5（Si/Al=38，46，80）、TiO2和 ZrO2为催化剂，在玉米芯催化热解催化剂筛选的基础上，采用
响应曲面法对 MCM-41、AC 和 TiO2催化热解玉米芯工艺条件进行优化，研究催化剂对热解产物组成和呋喃产率的影响。
结果表明，较高比表面积的 MCM-41､AC 和 TiO2催化剂可明显促进呋喃类化合物的生成，呋喃类产率可分别达到 31.43%、
28.78%和 30.44%，而 HZSM-5 系列催化剂 低；单个因素影响顺序为催化剂>催化热解温度>原料与催化剂质量比；催化
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炭 AC、HZSM-5（硅铝比 Si/Al 分别为 38、46、80）、
TiO2 和 ZrO2 等催化剂进行筛选，研究其对玉米芯催化
热解制备呋喃选择性的影响，并采用响应面法对




1  材料与方法 
1.1  试验材料 
玉米芯，2018 年 9 月采集于云南省昆明市。玉米芯
经风干后粉碎过筛，取粒径尺寸 0.075～0.180 mm 之间的
粉末并置于（105±2）℃烘箱中干燥 24 h，密封储存备用。
玉米芯元素与工业分析组成如表 1 所示。 
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表 1  玉米芯的元素分析和工业分析 
Table 1  Ultimate analysis and proximate analysis of corncob 









Percentage of mass/% 
C 39.99 水分 Moisture 7.0 
H 5.37 挥发分 Volatile 74.2 
N 0.53 固定碳 Fixed  
carbon 
15.0 
O* 49.31 灰分 Ash 4.8 
注：*:差减法 O(%)=100-C-H-N-Ash。  
Note: *: Calculated by minusing.  
 
本文采用的催化剂 Al2O3，麦克林公司（中国）；




剂均在 500℃下煅烧 5 h，自然冷却后用于热解催化试验。 
1.2  试验方法 
1.2.1  催化剂的表征 
比表面积采用 ASAP 2020 PLUS HD88 型比表面积
及孔径分析仪（Micromeritics，美国），比表面积采用
BET（Brunauer-Emmett-Teller）方程进行线性回归，外表
面 积由 t-plot 方 法计 算得 出，孔径 分布 由 BJH
（Barrett-Joyner-Halenda ）方法测定。 





以 210 ℃/min 升温速率升到 500 ℃并保持 30 min 进行催
化热解，产物经氮气吹扫、冷凝收集，并用甲醇溶解稀
释后经 GC/MS 检测。 
 
1.温控装置  2.出水口  3.冷凝管  4.进水口  5-6.尾气吸收瓶  7.冰水池  
8.收集瓶  9.电炉  10.热解反应器  11.气体流量计  12.氮气罐 
1.Temperature controller  2.Outlet  3.Condenser  4.Inlet  5-6.Tail gas 
absorber   7.Ice water pool   8.Collection bottle  9.Electric furnace  
10.Pyrolysis reactor  11.Gas flow meter  12.N2 cylinder 
图 1  固定床催化热解反应装置[16] 
Fig. 1  Catalytic pyrolysis device of fixed bed 
 




为 60∶1；进样口温度为 230 ℃。色谱柱为  Rxi-5
（30 m×0.25 mm×0.25 μm），柱箱内程序升温为：50 ℃
保持 2 min 后以 5 ℃/min 升高至 260 ℃。质谱仪采用电
子轰击离子源（electron bombardment ion source，简称
EI），离子源温度为 230 ℃，电子能量为 70 eV。质谱采
集范围为 m/z：45～500 之间，利用软件自带的 NIST14
谱库对样品进行分析，采用面积归一化法（相对峰面积，
%）计算化合物产率（产品产率）[9,14-15]。 











 0  
对自变量进行编码[19]。试验因素及水平选取如表 2 所示。 
表 2  中心组合设计因素与水平 






temperature x1 /℃ 
催化剂类型 
Type of catalysts 
x2 
原料与催化剂质量比
Mass ratio of material to 
catalyst x3 
-1 450 AC 1∶2 
0 500 TiO2 1∶1 
1 550 MCM-41 2∶1 
 
2  结果与分析 
2.1  催化剂的筛选 






此可知，MCM-41 比表面积 大，活性炭（activated 
carbon，AC）次之，HZSM-5 系列再次之，而金属氧化
物（Al2O3、ZrO2和 TiO2）的比表面积 小。从平均孔径
来看，所选催化剂均在 3～16 nm 之间，均为介孔催化剂
（2～50 nm 之间）。 
表 3  不同催化剂的比表面积、孔径特性 















Al2O3 162.15 186.07 0.281 5 4.92 
MCM-41 1 094.33 1 121.16 1.120 1 3.04 
Activated 
carbon (AC)
481.06 269.76 0.283 5 4.99 
HZSM-5 (38) 316.77 151.82 0.217 9 5.68 
HZSM-5 (46) 298.82 95.61 0.090 8 4.65 
HZSM-5 (80) 313.35 215.24 0.155 7 4.50 
ZrO2 28.75 34.93 0.076 6 9.01 
TiO2 57.71 73.13 0.309 5 15.70 
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解产物的影响，其结果如图 2 所示。 
 
图 2  不同催化剂条件下玉米芯催化热解的产物分布 
Fig. 2  Product distribution from catalytic pyrolysis of corncob 









生成 CH4、CO2 等气体产物，脱氧反应生成 H2O 和醛酮
化合物，并可能促进酸类化合物发生缩合反应形成酯[16]。
因此，催化剂的加入大大降低了酸类化合物的产生，尤

























的催化条件下，AC 催化的糠醛 大产率为 3.46%，TiO2
和 HZSM-5 系列催化剂均促进了糠醛的生成，但效果并
不明显；其余催化剂抑制了糠醛的生成，尤其是 Al2O3
和 MCM-41 催化下，糠醛完全消失。同时，MCM-41 催
化剂使得含量 高呋喃类化合物 2,3-2 氢-苯并呋喃从无
催化剂时的 12.85%降低到 0.62%，但 ZrO2对其基本无影
响。HZSM-5 系列催化剂对 2(5H)-呋喃酮的影响较小，但
随着 Si/Al 的增加，呈抑制作用；其余催化剂均促进了
2(5H)-呋喃酮的生成，尤其是 MCM-41 作用下从 1.8%增
加到 7.25%。催化剂对 5-羟甲基糠醛基本无影响，仅在
ZrO2、HZSM-5(46)和 HZSM-5(46)催化作用下发现其含量







图 3  不同催化剂下呋喃类组分的变化趋势 
Fig. 3  Trends of furan components under different catalysts 
 
综上分析，可知 MCM-41、AC、TiO2共 3 种催化剂
能较好地促进呋喃类化合物的生成，后面的催化热解即
采用此 3 种催化剂进行工艺优化。 
2.2  催化热解工艺优化 






验和 5 个中心试验，试验结果如表 4 所示。 
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表 4  中心组合设计方案及试验结果 
Table 4  Central composite design matrix and experimental results 











Mass ratio of material 




1 450 TiO2 2∶1 25.33 
2 550 MCM-41 1∶1 31.87 
3 500 AC 2∶1 28.5 
4 500 TiO2 1∶1 30.24 
5 450 TiO2 1∶2 30.9 
6 450 AC 1∶1 33.41 
7 550 TiO2 2∶1 29.88 
8 500 TiO2 1∶1 30.65 
9 500 AC 1∶2 29.89 
10 500 MCM-41 2∶1 26.78 
11 500 TiO2 1∶1 31.08 
12 450 MCM-41 1∶1 30.1 
13 550 AC 1∶1 35.3 
14 500 TiO2 1∶1 30.89 
15 500 TiO2 1∶1 29.98 
16 550 TiO2 1∶2 30.23 












果较为可靠[27]。本模型中，F 值为 17.07，概率 P 为 0.000 6，
表示该模型是极显著的。失拟项的 F 值为 5.21，概率 P
为 0.072 2，说明失拟项是不显著的[28]。在本模型中催化
热解温度 x1、原料与催化剂质量比 x3 及其交互作用 x1x3
是显著的模型参数，x1






表 5  回归模型方差分析 


















89.04 9 9.89 17.07 0.000 6 
x1 7.11 1 7.11 12.26 0.010 0 
x2 17.5 1 17.55 30.29 0.000 9 
x3 6.18 1 6.18 10.66 0.013 8 
x1x2 3.600E-003 1 3.600E-003 6.213E-003 0.939 4 
x1x3 6.81 1 6.81 11.76 0.011 0 
x2x3 0.70 1 0.70 1.20 0.309 0 
x12 11.25 1 11.25 19.42 0.003 1 
x22 0.92 1 0.92 1.59 0.248 2 
x32 40.93 1 40.93 70.63 <0.000 1 
残差 
Residual 
4.06 7 0.8   
失拟 
Lack of fit
3.23 3 1.08 5.21 0.072 2 
纯误差 
Pure Error
0.83 4 0.21   





















b. Interaction between catalytic pyrolysis 
temperature and mass ratio of raw material to 
catalyst 
c. 催化剂和原料与催化剂质量比的交互作用 
c. Interaction between catalyst and mass ratio of 
raw material to catalyst 
图 4  呋喃产率影响因素响应面分析 
Fig. 4  Response surface analysis on affecting factors of furan yield  






为：催化热解温度 550 ℃，催化剂为 AC，玉米芯与 AC






2.2.2  玉米芯 AC 催化热解产物组分分析 
选用催化热解温度 550 ℃、催化剂为 AC、玉米芯与
AC 质量比为 1∶1 条件下的催化热解产物为分析样品，
其催化转化产物分布结果见表 6。 
表 6  AC 催化玉米芯热解产物分布 
Table 6  Distribution of pyrolysis products of corncob catalyzed 
by AC 
类别 Class 产品产率 Production relative yield/% 
酸类 Acids 3.27 
酯类 Esters 5.00 
醛酮类 Aldoketones 5.48 
醇类 Alcohols 5.13 
呋喃类 Furans 35.30 
糖类 Sugars 3.05 
芳香族类 Aromatics 34.93 










































化合物产率 高可达 35.30%。 
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Optimization of process for preparation of furan compounds by pyrolysis 
catalytic conversion of corncob 
 
Li Wenbin1, Zheng Yunwu1, Li Shuirong2, Lu Yi1, Zhu Yongfeng2, Wang Jida1, Zheng Zhifeng2※ 
(1. National Local Joint Engineering Research Center for Efficient Utilization of Forestry Biomass Resources; Key Laboratory for 
Highly-Efficient Utilization of Forest Biomass Resources in the Southwest China, National Forestry and Grassland Administration;  
College of Materials Engineering, Southwest Forestry University, Kunming 650224, China; 2. Xiamen Key Laboratory for  
High-valued Conversion Technology of Agricultural Biomass; Fujian Provincial Engineering and Research Center of  
Clean and High-valued Technologies for Biomass; College of Energy, Xiamen University, Xiamen 361102, China) 
 
Abstract: Catalytic upgrading of biomass pyrolysis products was an important way for converting biomass to high-value 
chemicals. Catalytic pyrolysis process produced a higher-oxygenated containing bio-oil over 100 compounds. Furan 
compounds (furans) were important green platform chemicals in organic synthesis. In order to find a new route for production 
of furans from catalytic pyrolysis of lignocellulosic biomass by gas-solid heterogeneous catalyst, catalytic conversion of 
biomass into furan yield and selectivity with catalytic pyrolysis vapor upgrading over different types of catalysts (Al2O3, 
MCM-41, AC (Activated Carbon), HZSM-5 (Si/Al=38, 46, 80), TiO2 and ZrO2) were investigated. Simultaneously, the 
response surface methodology was used to determine the optimum process conditions of catalytic pyrolysis of corncob by 
using MCM-41, AC and TiO2 as catalysts. The results showed that MCM-41 and AC catalysts had the largest specific surface 
area, followed by HZSM-5, while Al2O3, ZrO2 and TiO2 had the opposite results. In addition, all the catalyst belonged to 
mesoporous catalysts with the average pore size of 3-16 nm. The main components of corncob with non-catalytic pyrolysis 
were aldehydes and ketones (17.62%), furans (22.55%) and aromatic compounds (25.18%). Moreover, 
4-hydroxy-3-methylacetophenone, 2,3-dihydro-benzofuran and catechol had the highest contents, which were 8.65%, 13.1% 
and 4.01% respectively. All catalysts inhibited the formation of acid compounds, especially, when AC and HZSM-5(80) were 
added, the acidic compounds disappeared. The formation of aldehydes and ketones was not significant with the presence of 
ZrO2, and was inhibited by other types of catalysts. And, HZSM-5 (38), HZSM-5 (46) and AC enhanced the formation of 
aromatic hydrocarbon, which increased by 1.82%, 14.12% and 12.64% respectively. However, other catalysts were 
facilitating the formation of furans, which increased by 7.89% (TiO2), 8.88 %( MCM-41), 6.23 %( AC) and 4.95 %( ZrO2), 
respectively compared with non-catalytic pyrolysis. The maximum yield of furfural of 3.46% was obtained (catalyst is AC) 
under the conditions of catalytic pyrolysis temperature of 500 ℃ and mass ratio of corncob to catalyst of 2:1. Both TiO2 and 
HZSM-5 catalysts promoted the formation of furfural, but the effect was not significant. The other catalysts inhibited the 
formation of furfural. The influence of HZSM-5 catalyst on 2 (5H) -furanone was small, while the other catalysts promoted the 
production of 2 (5H) -furanone, the maximum yield was obtained with the presence of MCM-41, which increased by 5.45%. 
And the addition of catalyst inhibited the formation of -benzofuran-2,3-dihydrogen and 5-hydroxymethylfurfural. All the 
catalysts promoted the production of 5-methyl-2(3H) -furanone except for Al2O3. A highly fitting regression equation was 
obtained by using the response surface methodology to optimize the preparation process of furans compounds produced by 
catalytic pyrolysis of corncob, which could effectively predict the yield of furans. The order of effect parameters on the yield 
of furans was as follows: catalyst > catalytic pyrolysis temperature > mass ratio of corncob to catalyst. The yield of furans 
could reach 35.30% at the optimum process conditions of catalytic pyrolysis temperature of 550℃ and the mass ratio of 
corncob to catalyst of 1:1 by using AC catalyst. It would provide a basis for the catalytic pyrolysis of lignocellulosic biomass 
for production of high value-added chemicals by using heterogeneous catalysts at gas-solid catalytic reaction conditions. And it 
would provide a new pathway for furans production. 
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